The paper utilized RNA-seq data, all of which have been submitted to the Small Read Archive (SRA) in NCBI under experiment no. PRJNA355223.

Introduction {#sec001}
============

Plant species have developed a series of mechanisms to adjust to environmental stresses \[[@pone.0177589.ref001], [@pone.0177589.ref002], [@pone.0177589.ref003]\]. These mechanisms act as regulatory networks of genes and pathways that crosstalk in order to cope with stress. An excellent example involves the genes encoding the plant hormone abscisic acid (ABA) \[[@pone.0177589.ref004], [@pone.0177589.ref005], [@pone.0177589.ref006]\]. Processes like plant growth and photosynthesis are greatly affected by salt stress due to the reduction of chlorophyll biosynthesis, which has a major effect on crop productivity \[[@pone.0177589.ref007]\]. Strategies of salt tolerance in plants include the maintenance of tetrapyrrole levels (e.g., siroheme, chlorophyll, heme and phytochromobilin) under stress \[[@pone.0177589.ref008]\]. Tetrapyrroles are mostly synthesized in the chloroplast, with the last two steps of heme synthesis occurring in mitochondria \[[@pone.0177589.ref009]\]. Several enzymes in the porphyrin and chlorophyll metabolism pathway are key players in the production of tetrapyrroles that maintain stay-green performance of wild plant species under adverse environmental conditions like drought and salinity. These enzymes involve 5-aminolevulinic acid (ALA) dehydratase, porphobilinogen deaminase, coproporphyrinogen III oxidase, protoporphyrinogen IX oxidase, Mg-protoporphyrin IX chelatase and protochlorophyllide oxidoreductase.

The gene superfamily encoding pentatricopeptide repeat (PPR) proteins is one of the largest gene families in plants \[[@pone.0177589.ref010]\], with about 450 members in *Arabidopsis thaliana* and over 600 in *Oryza sativa* (rice) \[[@pone.0177589.ref011], [@pone.0177589.ref012], [@pone.0177589.ref013]\]. These proteins are mostly targeted to mitochondria or chloroplasts and contribute in RNA processing, including RNA editing and stability \[[@pone.0177589.ref011], [@pone.0177589.ref014], [@pone.0177589.ref015]\]. Despite the paucity of information on mechanisms by which PPR proteins function in organelles, some are involved in plant developmental processes and respond positively to environmental stresses \[[@pone.0177589.ref016], [@pone.0177589.ref017], [@pone.0177589.ref018], [@pone.0177589.ref019], [@pone.0177589.ref020], [@pone.0177589.ref021], [@pone.0177589.ref022]\]. For example, the *Arabidopsis* chloroplast PPR protein SVR7 is involved in photosynthesis and oxidative stress tolerance \[[@pone.0177589.ref021]\], while six mitochondrial proteins (PPR40 \[[@pone.0177589.ref016]\]), ABO5 \[[@pone.0177589.ref017]\], Ahg11 \[[@pone.0177589.ref019]\], SLG1 \[[@pone.0177589.ref020]\], PGN \[[@pone.0177589.ref018]\] and SLO2 \[[@pone.0177589.ref022]\]) contribute to the regulation of ABA signaling, and consequently to salt or drought stress responses. Knockout mutants of some PPR genes were hypersensitive to salt or osmotic stress during germination and early growth stages \[[@pone.0177589.ref016], [@pone.0177589.ref019], [@pone.0177589.ref022]\]. These studies suggest a highly complicated mechanism by which mitochondrial/chloroplast PPRs are involved in regulating plant responses to abiotic stresses. It was also proposed that some PPRs may be involved in the regulation of homeostasis of reactive oxygen species (ROS) during stress responses or ABA signaling in the development of stress tolerance \[[@pone.0177589.ref023]\]. One nuclear PPR protein, SOAR1, has a positive role in plant response to abiotic stresses such as drought, high salinity and low temperature \[[@pone.0177589.ref023]\]. A previous report addressed the function of a nuclear and cytosolic PPR protein, PNM1, and indicated that it does not play a role in plant responses to abiotic stresses \[[@pone.0177589.ref024]\].

In the present study, high-throughput RNA-Seq was performed on *Rhazya*. *stricta* leaves exposed to severe salt stress (500 mM NaCl). This species is a member of the flowering plant family Apocynaceae and is included in a clade that is well-known for accumulating a wide diversity of monoterpene indole alkaloids (MIAs) that have important anticancer properties \[[@pone.0177589.ref025]\]. *Rhazya stricta* is an evergreen shrub that inhabits arid zones throughout Western and South Asia so it is well-adapted to harsh temperatures and salinity, making this species an excellent system for investigating the genes involved in tolerance to these conditions. The results of the present study indicated the possible roles of genes involved in protein folding and in porphyrin and chlorophyll metabolism pathway in conferring salt tolerance. Another phenomenon was also observed during the response of *R*. *stricta* leaves to salt stress, the upregulation of a large number of PPR- and tetrapyrrole-encoding genes only after 12 h of salt stress treatment. The explanation for this phenomenon requires further investigation.

Materials and methods {#sec002}
=====================

Salt stress experiment {#sec003}
----------------------

Seeds of *Rhazya stricta* were collected from the Bahrah region, Jeddah, Saudi Arabia. Permission to collect *R*. *stricta* plant material and to perform fieldwork at the site was granted by the Governor of Makkah Province, Prince Khalid Al- Faisal. A voucher specimen has been deposited in the Department of Biological Sciences Herbarium at King Abdulaziz University (Number 1150/M/75 collected by N. Baeshen, M. Baeshen and J. Sabir). Twenty-four 30-day-old seedlings of *R*. *stricta* were grown in six pots (4 seedlings/pot) with a potting mix consisting of one part vermiculite and one part perlite. Plantlets were grown under a 16-h-light/8-h-dark cycle at 21±2°C (day/night), light intensity of \~175 uE m^--2^ sec^--1^ for the 16-h photoperiod and 80% humidity. At the time of treatment, leaf samples (control, unirrigated) were harvested from three arbitrarily chosen pots in which four leaves (one from each seedling) of each pot were gathered as one replicate. Seedlings of three pots were salt-stressed (500 mM NaCl) and leaf samples were harvested after 2, 12 and 24 h. The NaCl concentration and the harvest times were selected to be consistent with a previous study of salt stress in wild barley \[[@pone.0177589.ref026]\] so that the results of both studies could be compared. Concurrently, seedlings of the other three pots were water-irrigated and leaf samples were also harvested after 2, 12 and 24 h. For isolating total RNAs, flash-frozen similar-sized leaf samples from plants of each pot were crushed into a fine powder in a microcentrifuge tube using a sterilized metal rod. Total RNAs were extracted using Trizol (Invitrogen, Life Tech, Grand Island, NY, USA) and treated with RNase-free DNase (Promega Corporation, Madison, WI, USA) in the presence of 1 U/μl of RNasin® Plus RNase Inhibitor (Promega) for 2 h at 37^°^C. RNAs were quantified and 30 μg (400 ng/μl) was used for RNA-Seq. To test for the presence of DNA contamination in RNA samples, the *actin* gene of *R*. *stricta* was amplified by PCR from the original RNA samples. Purified RNA samples were shipped to Centre for Genomic Research, Institute of Integrative Biology, University of Liverpool, UK in three replicates of each treatment for deep sequencing and generation of datasets (an average of \~100 million reads per sample).

Next-generation mRNA sequencing {#sec004}
-------------------------------

Filtered reads were aligned with up to two mismatches to the *R*. *stricta* reference nuclear genome \[[@pone.0177589.ref025]\] available at NCBI (accession no. MEJB00000000.1). The remaining unmapped sequences were re-aligned against the contigs and collectively *de novo* assembled using the Trinity RNA-Seq Assembly package (r2013-02-25) following the methods described in Zhang *et al*. \[[@pone.0177589.ref027]\]. RSEM v1.1.6, an RNA-Seq quantification tool, was used to estimate the relative abundances and expected read counts for the transcripts. RSEM uses the Bowtie aligner (Bowtie v0.12.1) to map the reads against the transcripts. Transcript quantification of the reference-aligned as well as the *de novo* assembled reads was performed with RSEM, which allowed for the assessment of transcript abundances based on the mapping of RNA-Seq reads to the assembled transcriptome. Expected read counts were input into differential expression (DE) analysis using EdgeR (version 3.0.0, R version 2.1.5). The median value from biological replicates was used as the common dispersion factor for DE analyses. DE transcripts were annotated and KEGG pathway analyses were performed using blast-2-GO software (version 2.3.5, <http://www.blast2go.com/>) and GO terms were obtained with the default parameters. Blastx was performed against the NCBI non-redundant protein database with an E-value cut off of 1e^-5^. To identify clusters with functional enrichment, we determined a significant Pearson correlation through permutation analysis \[[@pone.0177589.ref028]\]. The resulting clusters were refined by visual inspection and analyzed for GO term enrichment using Blast2GO (<http://www.blast2go.com/>). We also clustered the RPKM data to provide a representation of absolute abundance of the transcripts.

Validation experiments of RNA-seq data {#sec005}
--------------------------------------

Validation of the RNA-Seq data was performed via semi-quantitative RT-PCR for randomly selected transcripts of genes encoding PPR proteins that were upregulated at the 12 h time point. The *actin* gene of *R*. *stricta* was used as the unregulated housekeeping gene. Primers were designed with Netprimer software (<http://www.premierbiosoft.com/netprimer/index.html>) using five criteria: length \~26 basepairs, GC content \~50%, minimal secondary structure, comparable annealing temperatures (55--56^°^C) of the primer pairs and PCR products of \~300--400 bp.

Results and discussion {#sec006}
======================

Sequencing of cDNA samples of *R*. *stricta* leaves under control conditions and salt stress (500 mM NaCl) treatments across time (0--24 h) yielded 86--154 million reads corresponding to an average of \~10 billion nucleotides of cDNA per sample ([Table 1](#pone.0177589.t001){ref-type="table"}). The raw sequencing reads were submitted to the Small Read Archive (SRA) at NCBI (Experiment no. PRJNA355223). Approximately, 45% of the reads mapped to the *R*. *stricta* reference nuclear genome and the remaining 55% matched no sequences ([Table 1](#pone.0177589.t001){ref-type="table"}). The mapped sequences are in exonic regions. The unmapped reads were aligned to the *de novo*-assembled transcriptome and between 39.13 and 57.56% of the draft genome-unmapped reads were *de novo*-mapped to the *de novo*-assembled genome. Thus, \~72% of the total reads of each sample were either mapped to the *R*. *stricta* nuclear genome or to the *de novo* assembled transcriptome, and these sequences were subjected to further analyses.

10.1371/journal.pone.0177589.t001

###### Statistics of *R*. *stricta* RNA-Seq numerical data analysis.

0h c1,2 (control), 2h-w1,2 (water treated for 2 h), 12h-w1,2,3 (water treated for 12 h), 24h-w1 (water treated for 24 h), 2h-s1,2,3 (salt stressed fo r 2 h), 12h-s1,2,3 (salt stressed for 12 h), 24h-s1,2,3 (salt stressed for 24 h).

![](pone.0177589.t001){#pone.0177589.t001g}

  Time-condition   Total no. reads[^1^](#t001fn001){ref-type="table-fn"}   Mapped reads[^2^](#t001fn002){ref-type="table-fn"} (draft genome)   \%[^3^](#t001fn003){ref-type="table-fn"}   Unmapped reads[^4^](#t001fn004){ref-type="table-fn"}   \%[^5^](#t001fn005){ref-type="table-fn"}   Mapped reads[^6^](#t001fn006){ref-type="table-fn"} (*de novo*)   \%[^7^](#t001fn007){ref-type="table-fn"}   \%[^8^](#t001fn008){ref-type="table-fn"}
  ---------------- ------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------ ------------------------------------------------------ ------------------------------------------ ---------------------------------------------------------------- ------------------------------------------ ------------------------------------------
  0h-c1            87,151,878                                              39,445,080                                                          45.26                                      47,706,798                                             54.74                                      23,643,555                                                       27.13                                      72.39
  0h-c2            153,943,752                                             69,191,898                                                          44.95                                      84,751,854                                             55.05                                      33,159,843                                                       21.54                                      66.49
  2h-w1            87,639,149                                              39,195,497                                                          44.72                                      48,443,652                                             55.28                                      24,308,107                                                       27.74                                      72.46
  2h-w2            89,863,836                                              40,022,306                                                          44.54                                      49,841,530                                             55.46                                      24,077,557                                                       26.79                                      71.33
  12h-w1           89,383,819                                              38,176,106                                                          42.71                                      51,207,713                                             57.29                                      24,485,660                                                       27.40                                      70.11
  12h-w2           85,958,876                                              38,998,763                                                          45.37                                      46,960,113                                             54.63                                      24,094,502                                                       28.03                                      73.40
  12h-w3           92,526,665                                              42,125,366                                                          45.53                                      50,401,299                                             54.47                                      26,189,855                                                       28.31                                      73.84
  24h-w1           86,673,531                                              39,179,668                                                          45.20                                      47,493,863                                             54.80                                      24,865,085                                                       28.69                                      73.89
  2h-s1            89,056,769                                              40,170,783                                                          45.11                                      48,885,986                                             54.89                                      25,519,598                                                       28.66                                      73.77
  2h-s2            91,575,385                                              41,804,669                                                          45.65                                      49,770,716                                             54.35                                      25,323,495                                                       27.65                                      73.30
  2h-s3            95,132,204                                              42,838,000                                                          45.03                                      52,294,204                                             54.97                                      26,498,735                                                       27.86                                      72.89
  12h-s1           86,260,164                                              39,645,187                                                          45.96                                      46,614,977                                             54.04                                      22,838,921                                                       26.48                                      72.44
  12h-s2           97,705,696                                              44,756,425                                                          45.81                                      52,949,271                                             54.19                                      27,177,669                                                       27.82                                      73.63
  24h-s1           89,710,811                                              40,750,202                                                          45.42                                      48,960,609                                             54.58                                      28,179,718                                                       31.41                                      76.83
  24h-s2           98,243,664                                              44,727,450                                                          45.53                                      53,516,214                                             54.47                                      24,044,493                                                       24.47                                      70.00
  24h-s3           91,434,299                                              41,529,282                                                          45.42                                      49,905,017                                             54.58                                      26,987,468                                                       29.52                                      74.94

^1^ Total number of reads recovered from RNA-Seq

^2^ Number of reads aligned with R. stricta draft genome

^3^ Percentage of reads aligned with draft genome over total reads

^4^ Number of reads unaligned with draft genome

^5^ Percentage of reads unaligned with draft genome over total reads

^6^ Number of reads aligned with de novo-assembled genome

^7^ Percentage of reads aligned with de novo-assembled genome over total de novo-assembled reads

^8^ Percentage of reads aligned with draft and de novo-assembled genomes

RNA-Seq analysis of *R*. *stricta* leaves was performed to detect changes in expression levels of genes across four time points (0, 2, 12 and 24 h) of salt stressed (500 mM NaCl) plants. Hierarchical cluster analysis of gene expression based on log ratio RPKM data for transcripts of *R*. *stricta* across different time points indicated the high quality of sampling and RNA-Seq analysis as evidenced by within time point clustering of replicates in different samples ([Fig 1](#pone.0177589.g001){ref-type="fig"}). Expression of genes in control samples (0 h) was similar to those treated with water across all four time points of the experiment (up to 24 h). Transcripts at 12 h post treatment were distinct from the genes regulated at other time points. This indicates that a large number of genes were either up- or downregulated at this time point. Therefore, we decided to restrict our characterization of genes to this time point because they represent the most responsive genes to salt stress in *R*. *stricta*. The number of clusters of DE transcripts was 236 ([S1 Fig](#pone.0177589.s001){ref-type="supplementary-material"}); 31 clusters were upregulated, while 53 clusters were downregulated only at the 12 h time point. The total number of upregulated and downregulated transcripts at this time point was \~5700 ([S1 Table](#pone.0177589.s010){ref-type="supplementary-material"}) and \~5100 ([S2 Table](#pone.0177589.s011){ref-type="supplementary-material"}), respectively. A similar pattern of transcript regulation only at the 12 h time point of salt stress was previously detected in wild barley \[[@pone.0177589.ref026]\]. Semi-quantitative RT-PCR (sqRT-PCR) of 10 randomly chosen upregulated transcripts of the PPR gene family was performed to validate the RNA-Seq data using specific primers ([S3 Table](#pone.0177589.s012){ref-type="supplementary-material"}). Analysis of sqRT-PCR indicated that the 10 PPR genes were upregulated only after 12 h post salt treatment supporting the results of RNA-Seq analyses ([S2 Fig](#pone.0177589.s002){ref-type="supplementary-material"}).

![Hierarchical cluster analysis of gene expression based on log ratio RPKM data for leaf transcriptome of *R*. *stricta* under water and salt (500 mM NaCl) treatments for 0, 2, 12 and 24 h.](pone.0177589.g001){#pone.0177589.g001}

Differentially expressed genes were assigned to functional categories using blast2GO (<http://www.blast2go.com/>), which provided valuable information for detecting specific processes, functions and pathways during salt stress. We selected 10 functional groups with the largest number of transcripts, either upregulated or downregulated, for the three main categories ([Fig 2](#pone.0177589.g002){ref-type="fig"}). Subgroups of biological process with the largest number of transcripts are macromolecule metabolic process across both types of regulation. Cation binding was the function with the largest number of transcripts across the two types of regulation. The largest number of transcripts in the cellular component category encode intracellular compounds ([Fig 2](#pone.0177589.g002){ref-type="fig"}). Transcripts for tetrapyrrole binding were upregulated and no records for downregulated transcripts involved in this function were detected.

![Gene ontology analysis describing the three main categories "biological process", "molecular function" and "cellular component" for the 10 functional groups with the largest number of upregulated or downregulated transcripts under salt stress.](pone.0177589.g002){#pone.0177589.g002}

In *R*. *stricta* the overall results indicated limited involvement of genes and pathways previously known to respond to salt stress. Our recent work \[[@pone.0177589.ref029]\] indicated the involvement of several genes and pathways in regulating thermotolerance in this species. As many as 32 enzymes were affected in several pathways involved starch and sucrose metabolism, galactose metabolism, phenylpropanoid biosynthesis, flavonoid biosynthesis and cysteine and methionine metabolism. Earlier studies on salt stress-responsive pathways in other plant species indicated the involvement of these pathways in promoting salt stress tolerance \[[@pone.0177589.ref030], [@pone.0177589.ref031], [@pone.0177589.ref032], [@pone.0177589.ref033], [@pone.0177589.ref034]\]. We speculate that the unusual response to salt stress in *R*. *stricta* is because this desert-grown plant is not accustomed to such stress, hence, it may lack the salt-responsive regulatory machinery present in halophytes and glycophytes. We also speculate that extended exposure to salt stress might promote proper responses as the plant may adapt to this new type of stress over time. Exposure to gradual increases of salt concentrations might also allow the different genes to crosstalk and generate responses previously detected in other plant species.

Regulated gene families with ≥ 5 fold change {#sec007}
--------------------------------------------

Ninety-five transcripts were regulated under salt stress with fold change (FC) ≥ 5 ([S4 Table](#pone.0177589.s013){ref-type="supplementary-material"}), 27 of which were upregulated only at 12 h time point. They include transcripts encoding chaperone protein DnaJ6, UDP-glucosyltransferase 85a2 (UGT85A2), protein transparent testa 12 and respiratory burst oxidase homolog protein b (RBOH). Laufen *et al*. \[[@pone.0177589.ref035]\] indicated that the DnaJ gene family acts as a molecular chaperone that binds to adenosine triphosphate (ATP)-ligated form of DnaK to stimulate its hydrolysis to adenosine 5′-diphosphate \[[@pone.0177589.ref036]\]. The basic action of chaperones is to prevent proteins from misfolding/aggregating or denaturing during abiotic stresses including salinity \[[@pone.0177589.ref037]\]. The gene family encoding UDP-glucosyltransferase has an important role in quality control of newly synthesized glycoproteins in the endoplasmic reticulum (ER). It is well-known that the ER hosts the synthesis/folding of proteins secreted extracellularly or delivered to the endomembrane system \[[@pone.0177589.ref038]\]. Thus, the enzyme acts like a chaperone to assist the cell in maintaining proper protein folding during salt stress. The protein transparent testa 12 (tt12) gene family is known for its action in sequestering flavonoids in seed coat endothelium. Wahid and Ghazanfar \[[@pone.0177589.ref039]\] indicated that flavonoids are key secondary metabolites in environmental stress tolerance. The plant respiratory burst oxidase homolog gene family plays a crucial role in plant growth, biotic/abiotic responses and hormone signaling \[[@pone.0177589.ref040]\]. The family encodes the key enzymatic subunit of NADPH oxidase, which is the major source of ROS in plants. ROS plays a major role during plant response to abiotic stresses \[[@pone.0177589.ref041]\]. Our prior analysis of *R*. *stricta* transcriptomes under heat stress supports the data generated for genes encoding chaperones and those encoding protein transparent testa 12 (tt12) under salt stress, where these genes were also highly upregulated under heat stress \[[@pone.0177589.ref029]\]. This indicates that mechanisms of tolerance against heat and salt stresses in this wild plant species rely partially on the response of the genes preventing degradation or protecting protein folding under either stress.

Tetrapyrrole regulation under salt stress {#sec008}
-----------------------------------------

All DE transcripts were mapped to reference canonical pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) (<http://www.genome.ad.jp/kegg/>) to identify the biological pathways that are activated or suppressed at the 12 h time point in *R*. *stricta*. Enzymes with roles in the pathways that showed regulation were examined. KEGG analysis detected no specific regulation of key enzymes of the different pathways except for the porphyrin and chlorophyll metabolism pathway ([S3 Fig](#pone.0177589.s003){ref-type="supplementary-material"}) that is basically light-inducible \[[@pone.0177589.ref042]\]. KEGG analysis of the porphyrin and chlorophyll metabolism pathway indicated that six enzymes with key roles in the pathway were activated. These results support the gene ontology analysis ([Fig 2](#pone.0177589.g002){ref-type="fig"}) that showed upregulation of transcripts encoding enzymes for tetrapyrrole binding. The regulated key enzymes in this pathway are 5-aminolevulinic acid (ALA) dehydratase (EC-2.4.1.24), porphobilinogen deaminase (EC-2.5.1.61), coproporphyrinogen III oxidase (EC-1.3.3.3), protoporphyrinogen IX oxidase (EC-1.3.3.4), Mg-protoporphyrin IX chelatase (EC-6.6.1.1) and ferrochelatase (EC-4.99.1.1). These enzymes are nuclear-encoded, but the pathway is located in chloroplasts and mitochondria, and they are important for biosynthesizing chlorophyll and heme in plant leaves \[[@pone.0177589.ref008]\]. Genes encoding these six enzymes are *alaD*, *pbgD*, *cpo*, *ppx*, *chlD* and *fch*, respectively. These genes were highly upregulated after 12 h of salt stress treatment ([Fig 3](#pone.0177589.g003){ref-type="fig"}). The first four genes encode enzymes involved in biosynthesis in chloroplasts, while last two enzymes act in directing the pathway towards heme biosynthesis in both chloroplasts and mitochondria. The two tetrapyrroles (chloroplast and heme) are important for plant growth and development, especially under abiotic stresses \[[@pone.0177589.ref008]\]. The Mg-chelatase enzyme was also reported to respond to changing environments \[[@pone.0177589.ref008]\]. This important pathway is usually severely affected by salt stress in plants. Our experiments indicate that *R*. *stricta* has the capacity to stay-green and produce important components of mitochondria, thus maintaining normal rates of photosynthesis, respiration and plant growth under harsh conditions. This could be a major mechanism of tolerance against environmental stresses for a wild plant species like *R*. *stricta*.

![Profiles of fold change values for six transcripts (*alaD*, *pbgD*, *cpo*, *ppx*, *chlD* and *fch*) encoding enzymes in the porphyrin and chlorophyll metabolism pathway in leaves of *R*. *stricta* under water and salt stress treatments for 0, 2 12 and 24 h. 0h1,2 (control), 2h-w1,2 (water treated for 2 h), 12h-w1,2,3 (water treated for 12 h), 24h-w1 (water treated for 24 h), 2h-s1,2,3 (salt stressed for 2 h), 12h-s1,2,3 (salt stressed for 12 h), 24h-s1,2,3 (salt stressed for 24 h).\
Information about the different genes is shown in [S1](#pone.0177589.s010){ref-type="supplementary-material"} and [S5](#pone.0177589.s014){ref-type="supplementary-material"} Tables.](pone.0177589.g003){#pone.0177589.g003}

Previous reports have indicated that ALA synthesis is the initial rate-limiting step in the tetrapyrrole biosynthesis pathway \[[@pone.0177589.ref008]\]. This step results in the conversion of glycine to ALA due to the action of ALA synthase or ALAS (EC-2.3.1.37) ([S3 Fig](#pone.0177589.s003){ref-type="supplementary-material"}, enzyme indicated by the blue arrow). However, the present study indicates that the gene encoding ALAS is likely unregulated under salt stress in *R*. *stricta*. This resulted in no higher activation rate of the encoded enzyme (e.g., ALAS) ([S3 Fig](#pone.0177589.s003){ref-type="supplementary-material"}) under salt stress compared to normal conditions. Papenbrock and Grimm \[[@pone.0177589.ref043]\] indicated that heme can act as a feedback regulator of this step and other rate-limiting steps of the pathway. In the present study, heme is expected to result in a higher rate under salt stress due to the high activation rates of four enzymes (e.g., EC-4.2.1.24, EC-2.5.1.61, EC-1.3.3.3 and Ec-1.3.3.4) in the upstream steps of the pathway under salt stress ([S3 Fig](#pone.0177589.s003){ref-type="supplementary-material"}, enzymes indicated by red arrows). This might justify the recovery of the pathway despite the unchanged activation rate of the initial rate-limiting enzyme ALAS under salt stress. Although two chelating reactions result in the synthesis of heme, the responsible enzymes Mg-chelatase (EC-6.6.1.1) ([S3 Fig](#pone.0177589.s003){ref-type="supplementary-material"}, indicated by the green arrow) and Fe-chelatase (EC-4.99.1.1) ([S3 Fig](#pone.0177589.s003){ref-type="supplementary-material"}, indicated by the orange arrow) are functionally different. The first enzyme has greater influence on the pathway because it is subject to rigid control of gene expression and enzyme activity, hence, it is considered a reliable checkpoint monitor of metabolic flow of the pathway \[[@pone.0177589.ref043]\]. Heme seems to have roles other than those in the tetrapyrrole biosynthetic pathway, including participation in producing ROS required for normal plant growth under abiotic stresses \[[@pone.0177589.ref043]\]). In addition, heme biosynthesis can provide a mechanism by which leaves of *R*. *stricta* stay green and maintain appropriate levels of photosynthesis under salt stress. Intermediate tetrapyrroles also participate in several regulatory functions, including cross-talking between chloroplast and nucleus to synchronize their functions \[[@pone.0177589.ref044]\]. These tetrapyrroles can also block other pathways such as carotenoid biosynthesis in order to provoke the cell to produce ALA and activate the tetrapyrrole biosynthetic pathway \[[@pone.0177589.ref043]\]. In general, high rate of heme biosynthesis in leaves of *R*. *stricta* under salt stress may provide a mechanism of tolerance.

PPR regulation under salt stress {#sec009}
--------------------------------

The PPR gene superfamily plays an essential role in RNA editing in both chloroplasts \[[@pone.0177589.ref045]\] and mitochondria \[[@pone.0177589.ref046]\]. RNA editing is one of the major posttranscriptional RNA maturation processes that results in changing the information originally encoded by genomic DNA. Mitochondrial and plastid transcriptomes of plants are subject to hundreds of specific C-to-U changes by RNA editing \[[@pone.0177589.ref045], [@pone.0177589.ref046], [@pone.0177589.ref047]\]. These changes are functionally necessary either to generate a start codon, missense or nonsense amino acid changes \[[@pone.0177589.ref046]\]. It has been hypothesized that the plant "editosome" contains a enzyme, which interacts to edit single or several cytidine residue sites \[[@pone.0177589.ref048]\]. RNA-seq data for *R*. *stricta* indicated that as many as 304 PPR genes were upregulated ([S1 Table](#pone.0177589.s010){ref-type="supplementary-material"}), while 22 were downregulated after 12 h of salt stress treatment ([S2 Table](#pone.0177589.s011){ref-type="supplementary-material"}). Most of the regulated transcripts in *R*. *stricta* act on genes in mitochondria. A similar pattern was shown in our previous study of the transcriptomes of *R*. *stricta* under heat stress, where large numbers of PPR genes were consistently upregulated starting midday up to dusk both in the apical and mature leaves \[[@pone.0177589.ref029]\]. Examples of the regulation of five PPR genes under heat stress across the day are shown in [S4 Fig](#pone.0177589.s004){ref-type="supplementary-material"} The analysis of transcriptomes of the wild barley (*Hordeum spontaneum*) across time (0, 2, 12 and 24 h) of salt (500 mM NaCl) stress treatment indicated the regulation of 65 PPR genes \[[@pone.0177589.ref026]\]. Unlike PPR genes in *Rhazya*, these PPR genes were downregulated at the 12 h time point, and 63 of these were also downregulated at the 2 h time point. Twenty-four barley PPRs have analogues in *Arabidopsis* ([S5 Fig](#pone.0177589.s005){ref-type="supplementary-material"}). Our results indicate that the expression pattern of PPR genes under salt stress in *R*. *stricta* is unique to this wild plant species. The coordinated regulation of PPR genes under salt stress indicates the possible involvement of a single transcription factor that drives their expression. Otherwise, the regulation of PPR genes may be dependent on expression levels of their target edited genes.

Expression patterns of 25 selected PPR transcripts and four PPR edited genes (*nad4*, *ndhF*, *petB* and *clpP*) are shown in Figs [4](#pone.0177589.g004){ref-type="fig"} and [5](#pone.0177589.g005){ref-type="fig"}, respectively, and their expression levels are summarized in [S5 Table](#pone.0177589.s014){ref-type="supplementary-material"}. All these genes were upregulated after 12 h of salt stress except for three PPRs, (PCMP-H87, OPT80 and At1g22960), which showed downregulation at this time point. One of the four edited genes (*nad4*) is mitochondrial, while the other three are chloroplast (*ndhF*, *petB* and *clpP*). Among the selected PPR genes of *R*. *stricta* ([Fig 4](#pone.0177589.g004){ref-type="fig"}), seven were further studied in order to detect their function as affected by salt stress. Five PPR transcripts (*OGR1*, *Ahg11*, *MEF18*, *MEF26* and *MEF35*) are known for their action in editing different sites in the mitochondrial *nad4* transcript \[[@pone.0177589.ref019], [@pone.0177589.ref049], [@pone.0177589.ref050], [@pone.0177589.ref051]\], while two PPRs (*OTP84* and *ECB2*) are known for editing one site in the chloroplast *ndhF* transcript \[[@pone.0177589.ref049], [@pone.0177589.ref052], [@pone.0177589.ref053]\]. There are not enough records in the literature for the PPRs that edit *petB* gene. The PPR *CLB19* that edits the *clpP* gene of *R*. *stricta* was not regulated under the three different conditions, i.e., control, after 12 h of water treatment and after 12 h of salt stress. Transcript sequence alignment of the four genes *nad4*, *ndhF*, *petB* and *clpP* with edit sites indicated are shown in [S6](#pone.0177589.s006){ref-type="supplementary-material"}--[S9](#pone.0177589.s009){ref-type="supplementary-material"} Figs.

![Profiles of fold change values for 25 selected *R*. *stricta* PPR leaf transcripts under water and salt stress treatments for 0, 2, 12 and 24 h.\
0h1,2 (control), 2h-w1,2 (water treated for 2 h), 12h-w1,2,3 (water treated for 12 h), 24h-w1 (water treated for 24 h), 2h-s1,2,3 (salt stressed for 2 h), 12h-s1,2,3 (salt stressed for 12 h), 24h-s1,2,3 (salt stressed for 24 h). Information about the different genes is shown in [S1](#pone.0177589.s010){ref-type="supplementary-material"}, [S2](#pone.0177589.s011){ref-type="supplementary-material"} and [S5](#pone.0177589.s014){ref-type="supplementary-material"} Tables.](pone.0177589.g004){#pone.0177589.g004}

![Profiles of fold change values for four selected *R*. *stricta* leaf transcripts, three of which are PPR-edited under water and salt stress treatments for 0, 2, 12 and 24 h.\
Three transcripts are chloroplast (*ndhF*, *petB* and *clpP*), while one is mitochondrial (*nad4*). 0h1,2 (control), 2h-w1,2 (water treated for 2 h), 12h-w1,2,3 (water treated for 12 h), 24h-w1 (water treated for 24 h), 2h-s1,2,3 (salt stressed for 2 h), 12h-s1,2,3 (salt stressed for 12 h), 24h-s1,2,3 (salt stressed for 24 h). Information about the different genes is shown in [S1](#pone.0177589.s010){ref-type="supplementary-material"} and [S5](#pone.0177589.s014){ref-type="supplementary-material"} Tables.](pone.0177589.g005){#pone.0177589.g005}

The results of RNA editing pattern in mitochondrial *nad4* (NADH dehydrogenase subunit 4) transcript of *R*. *stricta* indicated the occurrence of 34 RNA edit sites to convert 33 codons ([S6 Fig](#pone.0177589.s006){ref-type="supplementary-material"}). Edits in different sites of *nad4* transcripts mostly involved the conversion of serine to either phenylalanine or leucine. One edit site (codon 473) involved the conversion of histidine into tyrosine. One incidence of double editing took place at site 146, where proline codon (CCC) was converted to phenylalanine codon (TTC). As indicated earlier, only five PPRs known to edit the *nad4* gene were regulated in *R*. *stricta*. These PPRs edit six sites in *R*. *stricta*, e.g., ORG1 edits two codons (no. 139 and 145), while PPRs MEF26, Agh11, MEF18 and MEF35 edit one codon each (no. 56, 126, 452 or 458, respectively). Many other PPRs are assigned for editing the transcript of this gene, but none of them were either identified or regulated after 12 h of salt stress in *R*. *stricta*.

The chloroplast *ndhF* transcript in *R*. *stricta* has only one edit site in codon 97 for the conversion of serine to leucine ([S7 Fig](#pone.0177589.s007){ref-type="supplementary-material"}). Previous reports indicated that PPRs *OTP84* \[[@pone.0177589.ref052]\] and *ECB2* \[[@pone.0177589.ref053]\] act on the same edit site in *Arabidopsis*. As the two PPRs were among the upregulated transcripts after 12 h of salt stress, we assume that they might compete for editing this site in *R*. *stricta*. Cao *et al*. \[[@pone.0177589.ref053]\] indicated that PPRs *ECB2* and *RARE* also edit the same site in the chloroplast *accD* transcript in *Arabidopsis*. This indicates that the binding sites of PPRs *OTP84* and *ECB2*, on one hand, or PPRs *ECB2* and *RARE*, on the other hand, might have similar affinities.

[S8 Fig](#pone.0177589.s008){ref-type="supplementary-material"} indicates the occurrence of two edit sites of *petB* transcript in *R*. *stricta* at codons 4 and 204. The second site of the transcript was reported in tobacco \[[@pone.0177589.ref054]\] and maize \[[@pone.0177589.ref055]\], while the first was not previously reported in the literature. RNA editing of the second site resulted in the conversion of proline to leucine, while the first site resulted in no change in the amino acid valine as the codon was changed in the third degenerate nucleotide (i.e., GTC into GTT). There is no explanation for the consistent change of this degenerate nucleotide (+12 of the transcript) across the three plant growth conditions as *R*. *stricta* showed no codon bias or preference in the third degenerate nucleotide of the different valine codons of this transcript ([S8 Fig](#pone.0177589.s008){ref-type="supplementary-material"}). There is no conclusive information with regard to the PPRs inducing RNA editing in these two sites except that Meierhoff *et al*. \[[@pone.0177589.ref014]\] indicated the involvement of the PPR HCF152 in processing *psbB-psbT*-*psbH-petB-petD* RNAs in *Arabidopsis*. Miyamoto *et al*. \[[@pone.0177589.ref056]\] only indicated that the PPR that edits *petB* transcript in tobacco and pea chloroplasts has a molecular mass of 70 kDa.

The gene encoding ATP-dependent Clp protease proteolytic subunit (*clpP*) was also upregulated after 12 h of salt stress ([Fig 5](#pone.0177589.g005){ref-type="fig"}) in *R*. *stricta*, while its PPR gene (*CLB19* \[[@pone.0177589.ref057]\]) was not regulated at this time point. This PPR likely edits the codon 187 of *clpP* transcript in *Arabidopsis* to convert histidine to tyrosine \[[@pone.0177589.ref057]\]. The *clpP* gene in *R*. *stricta* encodes a conserved tyrosine codon at this site ([S9 Fig](#pone.0177589.s009){ref-type="supplementary-material"}), thus the transcript requires no editing. This result explains the lack of regulation of its PPR gene under salt stress although its cognate target gene (*clpP*) is regulated.

There is no explanation for the high expression levels of the edited genes *nad4*, *ndhF petB* and *clpP* 12 h after salt stress as no previous reports indicated their direct involvement in salt responses. Available information indicates that NADH dehydrogenase or complex I (CI) is a main entry point for electrons into the mitochondrial respiratory chain and represents the most complicated portion of the respiratory system due to the large number of subunits in the enzyme. The *nad4* gene is among those governing the mitochondrial respiratory chain. Maize plants deficient in the *nad4* gene failed to assemble CI and have pale-green striping on the leaves and die during kernel development \[[@pone.0177589.ref058]\]. Also, the available information indicates that the thylakoid Ndh complex is analogous to the mitochondrial CI as it catalyzes the transfer of electrons from NADH to plastoquinone \[[@pone.0177589.ref059]\]. The chloroplast *ndh* genes encode polypeptides of the Ndh complex, and *ndhF* helps stimulate the expression of the other *ndh* genes \[[@pone.0177589.ref060]\]. As for the *petB*, it is within the *psbB-psbT-psbH-petB-petD* operon that encodes cytochrome *b*~6~ and subunit IV of the cytochrome b~6~*/*f complex (plastoquinol---plastocyanin reductase; EC:1.10.99.1). The latter enzyme catalyzes the transfer of electrons from plastoquinol to plastocyanin or mediates the transfer of electrons from PSII to PSI towards the production of ATP \[[@pone.0177589.ref061]\]. Previous reports indicated that the proteolytic enzymes generally play a fundamental role in chloroplast development and function \[[@pone.0177589.ref062]\]. Among these enzymes is the ATP-dependent Clp protease encoded by *clpP* gene. The enzyme facilitates the continuous rate of protein turnover during growth and differentiation and acts in removing inactive and misfolded polypeptides, especially during stress. The enzyme is also involved in amino acid recycling and the regulation of key enzymes and regulatory proteins \[[@pone.0177589.ref063]\]. Lack of editing of the gene encoding ATP-dependent Clp protease in the knockout mutant of *CLB19* gene of *Arabidopsis* prevented the change of the histidine at codon 187, thus impairing chloroplast development and early seedling lethality under greenhouse conditions \[[@pone.0177589.ref057]\]. As indicated earlier, the *clpP* transcript of *R*. *stricta* requires no editing at this site as the site encodes the conserved tyrosine.

Conclusions {#sec010}
===========

In general, we can conclude that the wild plant species *R*. *stricta* harbors several mechanisms for avoiding protein misfolding, aggregation or denaturation and the efficient production of several key secondary metabolites and ROS that helps the plant to withstand salt stress. Tetrapyrrole production in *R*. *stricta* adds to its ability to maintain normal rates of photosynthesis, respiration and plant growth under salt stress. There is no conclusive data available for the edited genes *nad4*, *ndhF*, *petB* and *clpP* regarding their involvement in salt stress responses in *R*. *stricta*. In conclusion, the results indicated the upregulation of a large number of transcripts belonging to PPR gene family at 12 h time point of salt stress, while their editing patterns were unchanged compared to the their editing patterns at 0 h time point or under water treatment at 12 h time point. We speculate that the high expression levels of PPRs after 12 h of salt stress may be dependent on expression levels of their target edited genes.

Supporting information {#sec011}
======================

###### Clusters (236) of assembled transcripts of *R*. *stricta* leaves under water (W) and salt (S) (500 mM NaCl) treatments for 0, 2, 12 and 24 h.

Grey lines indicate expression patterns of individual transcripts in a given cluster. Blue lines indicate overall expression pattern across different transcripts of a given cluster. 0h1,2 (control), 2h-w1,2 (water treated for 2 h), 12h-w1,2,3 (water treated for 12 h), 24h-w1 (water treated for 24 h), 2h-s1,2,3 (salt stressed for 2 h), 12h-s1,2,3 (salt stressed for 12 h), 24h-s1,2,3 (salt stressed for 24 h).

(PDF)

###### 

Click here for additional data file.

###### Semi-quantitative RT-PCR validation results utilizing selected PPR genes of *R*. *stricta*.

\(a\) sqRT-PCR profiles of 10 upregulated PPR genes after 12 h of salt stress, (b) fold change profiles resulting from RNA-Seq analysis of the same PPR genes after 12 h of salt stress, and (c) the "*actin*" gene used as the unregulated house keeping gene. 0h1,2 (control), 2h-s1,2 (salt stressed for 2 h), 12h-s1,2 (salt stressed for 12 h), 24h-s1,2 (salt stressed for 24 h). Further information about the different genes is shown in [S1 Table](#pone.0177589.s010){ref-type="supplementary-material"}.

(DOCX)

###### 

Click here for additional data file.

###### Enzymes in the porphyrin and chlorophyll metabolism pathway in leaves activated under salt (500 mM NaCl) treatment for 12 h in *R*. *stricta*.

Colored rectangular boxes indicate the activated enzymes in the pathway. Highly activated enzymes at 12 h time point of salt (500 mM NaCl) stress are shown in colored boxes, while the enzymes with unchanged activation rates are shown in uncolored boxes. Different box colors in the pathway indicates different highly activated enzymes. Non-colored boxes indicate no change in enzyme activity at 12 h time point compared to 0 h time point. Red arrows indicate four enzymes that are expected to result in a higher rate under salt stress due to the high activation rates; orange arrow indicates the enzyme Fe-chelatase; green arrow indicates the enzyame Mg-chelatase.

(DOCX)

###### 

Click here for additional data file.

###### Profiles of fold change values for the five genes encoding PPRs from apical (A1-L4) and mature (A5-L8) *R*. *stricta* leaves under heat stress at five time points of the day, e.g., morning (A, 07:10), midday (F, 13:25; G, 14:05 & H, 14:30) and dusk (L, 18:27).

Information about the different genes is shown in [S1](#pone.0177589.s010){ref-type="supplementary-material"} and [S2](#pone.0177589.s011){ref-type="supplementary-material"} Tables \[[@pone.0177589.ref029]\].

(DOCX)

###### 

Click here for additional data file.

###### Profiles of fold change values for 24 selected wild barley (*H*. *spontaneum*) PPR leaf transcripts under water and salt stress treatments for 0, 2, 12 and 24 h. 0h-1,2 (control), 2h-1,2,3 (salt stressed for 2 h), 12h-1,2,3 (salt stressed for 12 h), 24h-1,2,3 (salt stressed for 24 h).

Information about the different genes is available at The *Arabidopsis* Information Resource (TAIR, <https://www.arabidopsis.org/>).

(DOCX)

###### 

Click here for additional data file.

###### Sequence alignment of the *nad4* transcripts (1488 nt) and their deduced amino acids generated under control condition, 12 h water treatment and 12 h salt stress in leaves of *R*. *stricta* showing 34 edit sites.

Five PPRs are known to edit six sites in this transcript, e.g., ORG1 edits two codons (no. 139 and 145), while PPRs MEF26, Agh11, MEF18 and MEF35 edit one codon each (no. 56, 126, 452 or 458, respectively). The six edit sites of codons no. 56, 126, 139, 145, 452 and 458 resulted in the conversion of arginine (CGG) to tryptophan (TGG), arginine (CGT) to cysteine (TGT), proline (CCT) to leucine (CTT), leucine (CTT) to phenylalanine (TTT), proline (CCA) to leucine (CTA) and serine (TCC) to phenylalanine (TTC), respectively. Red rectangles indicate the different edit sites of the known five PPRs, while blue rectangles indicate the other edit sites in this transcript. The letters in the figure indicate the abbreviations of different amino acids.

(DOCX)

###### 

Click here for additional data file.

###### Sequence alignment of the *ndhF* transcripts (2226 nt) and their deduced amino acids generated under control condition, 12 h water treatment and 12 h salt stress in leaves of *R*. *stricta* showing only one edit site (inside the red rectangle) in codon no. 97.

Editing resulted in the conversion of serine (S) codon (TCA) to leucine (L) codon (TTA). Two PPRs, OTP84 and ECB2, compete to edit this site in the transcript. The letters in the figure indicate the abbreviations of different amino acids.

(DOCX)

###### 

Click here for additional data file.

###### Sequence alignment of the *petB* transcripts (648 nt) and their deduced amino acids generated under control condition, 12 h water treatment and 12 h salt stress in leaves of *R*. *stricta* showing two edit sites (inside the red squares) in codons no. 4 and 204.

Editing of the first site (GTC to GTT) resulted in no change in the amino acid valine (V), while the second edit (CCA to CTA) resulted in the conversion of proline (P) to leucine (L). No PPRs are known for editing either site. The letters in the figure indicate the abbreviations of different amino acids.

(DOCX)

###### 

Click here for additional data file.

###### Sequence alignment of the *clpP* transcripts (591 nt) and their deduced amino acids generated under control condition, 12 h water treatment and 12 h salt stress in leaves of *R*. *stricta* showing no edit sites.

One PPR, CLB19, is known to edit one site in this transcript to convert histidine to tyrosine in codon number 187 (shown inside the red square). This codon (UAU) in *R*. *stricta* normally encodes a conserved tyrosine (Y), hence, requires no editing. The letters in the figure indicate the abbreviations of different amino acids.

(DOCX)

###### 

Click here for additional data file.

###### Cluster analysis indicating fold change values of assembled transcripts upregulated at 12 h time point in *R*. *stricta* under salt (500 mM NaCl) stress.

0h1,2 (control), 2h-w1,2 (water treated for 2 h), 12h-w1,2,3 (water treated for 12 h), 24h-w1 (water treated for 24 h), 2h-s1,2,3 (salt stressed for 2 h), 12h-s1,2,3 (salt stressed for 12 h), 24h-s1,2,3 (salt stressed for 24 h).

(XLSX)

###### 

Click here for additional data file.

###### Cluster analysis indicating fold change values of assembled transcripts downregulated at 12 h time point in *R*. *stricta* under salt (500 mM NaCl) stress.

0h1,2 (control), 2h-w1,2 (water treated for 2 h), 12h-w1,2,3 (water treated for 12 h), 24h-w1 (water treated for 24 h), 2h-s1,2,3 (salt stressed for 2 h), 12h-s1,2,3 (salt stressed for 12 h), 24h-s1,2,3 (salt stressed for 24 h).

(XLSX)

###### 

Click here for additional data file.

###### Primer sequences along with the annealing temperature and expected amplicon sizes (bp) to be utilized in in validating RNA-Seq dataset of *R*. *stricta* via semi-quantitative RT-PCR.

(XLSX)

###### 

Click here for additional data file.

###### Comparative differential expression of genes of *R*. *stricta* transcriptomes under salt (500 mM NaCl) treatments for 0, 2, 12 and 24 h.

Blue box = upregulation, orange box = downregulation.

(DOCX)

###### 

Click here for additional data file.

###### 

**Description of 25 selected PPR genes (A) and four PPR-edited (B) genes under water (w) treatment and salt (s) stress for 0, 2, 12 and 24 h in *R*. *stricta*.** All PPR genes were upregulated except for *PCMP-H87*, *OPT80* and *At1g22960* that were downregulated. This data was extracted from [S1](#pone.0177589.s010){ref-type="supplementary-material"} and [S2](#pone.0177589.s011){ref-type="supplementary-material"} Tables. 0h1,2 (control), 2h-w1,2 (water treated for 2 h), 12h-w1,2,3 (water treated for 12 h), 24h-w1 (water treated for 24 h), 2h-s1,2,3 (salt stressed for 2 h), 12h-s1,2,3 (salt stressed for 12 h), 24h-s1,2,3 (salt stressed for 24 h).

(XLSX)

###### 

Click here for additional data file.
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